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ABSTRACT 
A method for the isolation of the Golgi apparatus from stem tissues of onion is described. 
Preparations that consisted mainly of morphologically identifiable Golgi apparatus have 
been obtained. The best preparations were obtained from tissue  homogenized under con- 
ditions of minimum shear, and in the presence of sucrose and certain additives which aid in 
preservation of the integrity of the Golgi membranes. Those additives, which had a  pro- 
nounced stabilizing  effect on the isolated apparatus, included both monovalent and divalent 
ions (sodium and calcium) and dextran. A  large portion of the Golgi apparatus did not 
appear to change microscopic appearance upon isolation, but were observed to fuse into 
large aggregate structures not unlike those occurring naturally in certain animal or insect 
cells  02).  Fusion occurred both at the edges  of the cisternae and in register, but the in- 
tegrity of the individual cisternae was not destroyed. The major contaminants of the Golgi 
apparatus fraction were numerous small and large spherical vesicles. At least some of these 
vesicles  appeared  to have been derived from the Golgi apparatus; others may have been 
fragments of the cell membrane, the endoplasmic reticulum, or other cell debris. By utilizing 
this procedure, it has been possible to obtain fractions of Golgi apparatus from plant tissues 
other than onion stem.  However, at the present time it is only with onion that the Golgi 
apparatus has been isolated in a form that would warrant further purification for biochemi- 
cal analysis. 
INTRODUCTION 
The  Golgi  apparatus  may  differ  in  form  from 
organism to organism or from one cell to another, 
but in most plant cells it is usually described as a 
system  of  smooth-surfaced,  double-membrane 
structures consisting of stacks  of flattened disks or 
cisternae (1).  The number of cisternae may vary 
but is usually fewer than ten.  In electron micro- 
graphs in which the Golgi apparatus are ordinarily 
observed in sections cut perpendicular to the plane 
of the cisternae, the intercisternal matrix (i.e.,  the 
material  occupying the  space  between  adjacent 
cisternae) does not appear to differ from the sur- 
rounding cytoplasmic ground substance. Vesicles, 
associated  with  the  edges  of  the  cisternae,  are 
usually present and eventually may become free 
in the  cytoplasm  (1,  2).  At  least  some  of these 
vesicles  have  been associated  with  the  secretory 
function  now  established  for  both  plant  and 
animal Golgi apparatus  (2,  3). 
The  Golgi  apparatus  exhibit  a  tendency  to 
fragment  under  the  usual  conditions  of  tissue 
homogenization in  which  the  integrity of  some 
other cell organelles (for  example, mitochondria, 
plastids, and nuclei) is maintained. This instability 
295 undoubtedly contributes to much  of the difficulty 
in  obtaining clean,  isolated  Golgi  apparatus.  So 
far  as  is  known,  the  only  reported  progress  is 
that of Schneider and  Kuff (4)  and  of Kuff and 
Dalton  (5)  who  described  the  isolation  of  the 
Golgi  apparatus from  rat  epididymis by centrif- 
ugation  in  a  sucrose density gradient.  Attempts 
to  isolate  the  Golgi  apparatus  from  intestinal 
mucosa by  their method  apparently were  not  so 
successful (4). 
In  the  following  report,  progress  toward  ob- 
taining  a  method  for  the  isolation  of the  Golgi 
apparatus  from  cells  of onion  stem is  described. 
Because  the  Golgi  apparatus  has  not  yet  been 
associated with a  specific functional or enzymatic 
activity,  the  electron  microscope was  used  as  a 
means  of identifying the  isolated  structures. 
MATERIALS  AND  METHODS 
PLANT  MATERIAL:  Green  onions  (Allium  cepa) 
were  purchased  locally  and  stored  in  polyethylene 
bags at  4°C for 3 to  7 days before use.  Maize root 
tips  (Zea  mays L.  var.  Texas  17  W)  were  obtained 
from  seedlings  germinated  and  grown  for  3  to  4 
days using a spray culture technique (6). 
METHOD  OF  ISOLATION:  Homogenates  were 
prepared from both the  maize root  tips  and  finely 
diced  onion  stem  tissue  by  using  a  loosely  fitting, 
all-glass homogenizer of the Potter-Elvehjem type or 
by chopping the tissue in a small amount of isolation 
medium using a sharp, thin razor blade. In the latter 
procedure  the  cell  contents were  washed  from the 
broken cells by gentle stirring using a  metal spatula, 
and no further homogenization was used. 
The  homogenization medium consisted of 0.5  M 
sucrose,  0.1  M sodium  phosphate,  0.001  M calcium 
chloride, and  1 per cent dextrari (average molecular 
weight 200,000),  buffered to pH  7.2. 
Homogenates were filtered through a  single layer 
of miracloth  to  remove  tissue  fragments  and  then 
transferred to  5-ml  Lusterloid centrifuge tubes.  All 
eentrifugations used  a  Spinco Model L  refrigerated 
centrifuge fitted with  an  SW-39  rotor.  The  design 
of this rotor resulted in sedimentation perpendicular 
to  the  axis  of rotation  and  facilitated electron mi- 
croscopic examination of the  pellet.  Material  sedi- 
merited  during  centrifugation  at  10,000  RPM  for  a 
period of 30 minutes was found to contain few Golgi 
apparatus  and,  therefore,  was  discarded.  In  most 
instances, the Golgi apparatus fraction was collected 
by ceritrifugation at  20,000  RPM for 30  minutes. All 
steps in  the  isolation procedure were  conducted  at 
temperatures  between 0 °  and  4°C. 
PREPARATION  FOR  ELECTRON  MICROSCOPY: 
After centrifugation, Golgi apparatus fractions were 
recovered by cutting off the centrifuge tube contain- 
ing the sedimented pellet. These pellets were further 
sectioned into quarters to facilitate entry of the fixa- 
tive.  Fixation  was  carried  out  at  0°C  in  aqueous 
2  per  cent  KMnO4  or  5  per  cent  LiMnO4  for  a 
period of 1 to  2  hours  according to the  method of 
Mollenhauer  (4).  Parallel  samples were  fixed  in  1 
per  cent  OsO4  followed by  a  0.5  per  cent  uranyl 
acetate post  fixation staining. The pellets of tissue were 
then dehydrated in  a  series of alcohol solutions and 
embedded in a  mixture of Epon and Araldite epoxy 
resin  (7).  Thin sections were cut on  a  Porter-Blum 
~ficrotoine and  viewed in  an  RCA  EMU-3F. 
METHOD  OF  ESTIMATION:  Assays  were limited 
to  estimation of per cent of total  organelle mass as 
obtained  from  electron  micrographs  of  fixed  and 
imbedded pellets. 
RESULTS  AND  DISCUSSION 
Storage of green onions for 3 to 7 days at 4°C did 
not  materially  change  the  ultrastructural  ap- 
pearance of the stem tissue cells from that which 
is  seen in fresh tissue. The  Golgi apparatus were 
relatively  abundant  with  closely  appressed  cis- 
ternal stacks (Fig.  1). Both small and large vesicles 
appeared  to  be  associated with  the  edges of the 
cisternae. The  contents of the large vesicles were 
not stainable by the preparative procedures used 
in  this study.  Similarly,  the  cell organelles,  such 
as mitochondria, proplastids, and the endoplasmic 
reticulum, had the same general morphology that 
they have in fresh tissue. Tissues containing chloro- 
plasts were not used,  to  avoid  possible confusion 
between fragmented lamellar  systems of plastids 
and those of the Golgi apparatus. 
FIGURE 1  Electron micrograph of portions of intact cells of onion stein (Allium sepa) 
fixed in ~ per cent aqueous solution of KMnO4 for ~ hours at ~°C and poststained with 
KMnO4 in acetone. The key to labeling: ga, Golgi apparatus; p, plastid; er, endoplasmic 
reticulum; m, mitochondria; w, cell wall;  v, vacuole.  X  6,900. 
FIGtmE  ~  Electron mierograph of the Golgi  apparatus isolated from homogenate pre- 
pared, using loosely  fitting, all-glass  homogenizer of  the Potter-Elvehjem type, in  l  M 
sucrose, 0.1  M sodium phosphate, pH  7.2,  plus additives including 1 per cent dextran. 
The pellet was fixed in ~ per cent KMnO4 at 0°C for £~ hours.  X  11,000. 
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became less resistant to homogenization, probably 
because of cell wall softening. The  concomitant 
reduction  in  homogenization stresses  may  have 
contributed to  the  increased yield of intact cell 
organelles resulting from  the  cold  storage  treat- 
ment. 
SELECTION OF HOMOCENIZATION METHOD: 
The  choice  of  tissue  homogenization  method 
was  found  to  be  critical.  Conventional blend- 
ing methods resulted in complete  disappearance 
from the  homogenates  of  any  structure  resem- 
bling  the  intact  Golgi  apparatus,  although 
good mitochondria and plastid fractions were still 
obtained. Mashing the  tissue  with a  mortar and 
pestle or homogenization using a loose-fitting, all- 
glass  Potter-Elvehjem  homogenizer  yielded  the 
first recognizable Golgi apparatus fractions (Fig. 
2).  Homogenization under conditions which pro- 
vided minimum shear (i.e.,  by chopping the tissue 
with a sharp razor blade) was found to more than 
double  the  yield  of  structurally  intact  Golgi 
apparatus  (Fig.  3).  A  low-shear  homogenizer) 
based on the  counter-rotating roller principle of 
Rho  and Chipchase  (8),  was  also  used and pro- 
vided results comparable to those  obtained using 
the  all-glass  homogenizer.  Although  not  com- 
pletely  satisfactory,  the  results  indicated  that  a 
similar  machine  with  appropriate  modification 
might  eventually make  possible  the  isolation of 
the Golgi apparatus on a preparative scale. 
EFFECT  OF  PH:  The pH was varied from 7.0 
to 9.0,  with the optimum pH in the range 7.0 to 
7.5.  The  instability ot  the  Golgi  apparatus  ap- 
proximately  paralleled  that  of  mitochondria  at 
alkaline  pH.  In  general,  fragmentation  of  the 
Golgi  apparatus  occurred  under the  same  con- 
I The  authors  are indebted to  Mr. Joe  Glover  for 
assistance  in  the  design  and  construction  of  the 
homogenizer. 
ditions that  gave  rise  to  marked  mitochondrial 
swelling. 
EFFECT  OF  SUCROSE  CONCENTRATION: 
The  sucrose  concentration resulting in optimum 
preservation of the Golgi apparatus was found to 
be near 0.5 M.  However, the concentration could 
be  varied  between  0.25  and  1.0  M without  a 
marked  alteration in the  yield or  appearance of 
the Golgi apparatus. 
EFFECT  OF IONS:  Structural integrity of the 
Golgi apparatus was dependent upon the presence 
ot  sodium  ions  although  the  concentration did 
not appear to be critical. The sodium requirement 
was  met by addition of O. 1 M sodium phosphate 
(normally used  in the  homogenization medium) 
or by 0.1 M sodium chloride. Phosphate ions were 
not essential, although isolations employing phos- 
phate  buffer  appeared  slightly better  than  iso- 
lations  employing  sodium  barbital  -b  sodium 
chloride or tris-HC1  -F  sodium chloride at com- 
parable pH and ionic strengths. 
The  requirement for divalent ions was  not so 
marked  as  that for sodium and was met by ad- 
dition of 0.001 M  calcium chloride to the homogeni- 
zation  media.  The  calcium ion  was  apparently 
more  effective  in  preserving  the  structural  in- 
tegrity of the Golgi apparatus than the magnesium 
ion,  but  the  concentration  dependency  and 
specificity of the divalent ion requirement remains 
to be investigated. 
EFFECT  OF  VARIOUS  ADDITIVES:  Ad- 
dition of  1  per cent dextran  (average  molecular 
weight  200,000)  to  the  homogenization medium 
resulted  in  approximately a  twofold  increase  in 
preservation of recognizable Golgi structures. The 
dextran apparently stabilizes the Golgi apparatus 
against stresses which arise during isolation. 
MICROSCOPIC  APPEARANCE  OF  ISOLATED 
GOLGI  APPARATUS  FRACTIONS:  Golgi  appa- 
ratus retained after centrifugation at  10,000 RPM 
FIGtmE 3  Electron micrograph of the Golgi apparatus  isolated from a homogenate pre- 
pared by chopping the tissue with a razor blade. Pellet fixed in 5 per cent LiMnO4  at 00C 
for 2 hours. Section poststained with KMnO4 in acetone.  X 18,000. 
FIGV~E 4  The isolated Golgi apparatus  showing vesicles associated with edges of the 
cisternae. Preparative procedures as described in Fig. 3. X 47,000. 
FIGm~E 5  Electron micrograph of an isolated Golgi fraction, fixed with 1 per cent OsO4, 
buffered to pH 7.2, at 0°C for 8 hours. Poststained with 0.5 per cent uranyl acetate for 1 
hour at ~2°C. Marked swelling of the peripheral cisternae is a characteristic feature  of 
osmium-fixed  pellets. X 28,000. 
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minutes. The highest concentration of the  Golgi 
apparatus  appeared  in  the  layer  estimated  to 
sediment between 12,000 and 16,000 g.  In prepa- 
rations from onion stem tissues the isolated Golgi 
apparatus  appeared  in  quantity just  above  the 
light  mitochondrial fraction,  whereas  in  prepa- 
rations from maize and radish tissues the isolated 
Golgi apparatus appeared partly within the mito- 
chondrial  fraction.  Cell  walls,  mitochondria, 
proplastids, nuclei, and cell debris were located in 
the  10,000  RPM  (0  to  8,000  g)  pellet.  Some  ad- 
ditional  mitochondria  and  plastids  occasionally 
sedimented between 8,000 and 12,000 g. 
By employing preparations in which the tissue 
was  not homogenized, per  se,  but finely chopped 
so as to break cells under conditions of minimum 
shear, the total yield of structures resembling the 
Golgi apparatus was increased (Fig.  3). As shown 
in  Fig.  4,  the  Golgi  apparatus  maintained  its 
integrity,  including vesicles  associated  with  the 
edges  of  the  cisternae.  In  the  present  investi- 
gations, 50  per cent or less of the total remainder 
of  the  fraction  contained  both  small  and  large 
vesicles.  Some  of the  small vesicles  were  clearly 
derived from the Golgi apparatus, but others may 
have been fragments of the endoplasmic reticulum 
and/or other membranous structures of the  cell. 
The origin of at least a portion of the large vesicles 
could  be  traced  to  swelling  and  separation  of 
individual cisternae of the  Golgi apparatus  (Fig. 
7).  A disadvantage of permanganate fixation was 
the deposition in the fixed pellet of contaminating 
material,  possibly  a  reaction  product  of  per- 
manganate  and  the  sucrose  of  the  isolation 
medium. Dialysis of the  Golgi apparatus  prepa- 
rations  against  distilled  water  for  several  hours 
prior  to  centrifugation  and  fixation  effectively 
eliminated this contaminating material although 
some  loss and  much  distortion  of  the  Golgi 
apparatus resulted as well.  Fixation of the  pellet 
in solutions containing OsO4 also  eliminated the 
contaminant. However,  the  cisternal membranes 
were reduced by about 20 per cent in both width 
and  length as  compared  to  those  after  perman- 
ganate fixation. Furthermore, some of the clsternae 
became swollen to such an extent that almost the 
whole  pellet appeared  to contain only the  Golgi 
apparatus and swollen cisternae (Fig.  5). 
Pelleting of  the  Golgi  apparatus  was  always 
accompanied  ky  a  coalescence  of  the  proximal 
parts  of  the  Golgi  apparatus.  These  coalesced 
structures had the general appearance of the Golgi 
apparatus,  but  contained approximately  two  to 
three  times  the  usual  number of  cisternae  (see 
Figs.  2 and 3).  Conceivably, such structures arose 
by the  stacking in register of two or more Golgi 
apparatus  during  the  course  of  homogenization 
and/or  sedimentation.  Coalescence of the  Golgi 
apparatus occurred  not only in register but also 
by fusion of the  edges  of the  cisternae  (Fig.  2). 
Toward  the center of the  pellet,  the  fused  Golgi 
apparatus  formed  nearly  continuous  sheets  of 
membranes  (Fig.  6).  The  extent and  density of 
the  membranes apparently can  restrict  entry of 
the  fixative,  with  loss of  ultrastructural  detail 
except near the edges  of the pellet. Pellets  which 
contained as  much  as  50  per cent  of  the  total 
organelle  mass  as  Golgi  cisternal  structures  in- 
variably  also  contained  such  regions  of  fused 
apparatus membranes. 
Although the  general form of the  Golgi appa- 
ratus was maintained under conditions of fusion, 
the  apparatus  no  longer  behaved  as  separate 
entities  and  became  extremely  difficult  to  re- 
suspend. Subsequent resuspension was facilitated, 
however, by pelleting the fraction containing the 
Golgi apparatus on a  layer of 2 M sucrose.  This 
procedure  resulted  in  a  loosely  packed  band  of 
Golgi apparatus which could then be resuspended 
with a minimum of distortion. 
The Golgi apparatus did not appear to have a 
high degree of structural affinity to any other kind 
of cytoplasmic membrane system, with the possible 
exception  of  fragments  of  the  endoplasmic  re- 
ticulum. The close topographic association of the 
endoplasmic reticulum and the Golgi membranes 
has  led  workers  to  suspect membrane continuity 
between the  two  structures,  and  indeed in some 
cases  such  continuity has  been  reported  (3,  9). 
FIGURE 6  A portion of an isolated Golgi apparatus  fraction showing a region of fused 
Golgi structures.  Coalescence can occur both in register and by fusion of the edges of 
cisternae. Preparative procedure as in Fig. 3. X ~8,000. 
FIGURE 7  Swelling  of peripheral cisternae clearly demonstrated following sedimentation 
of a dialyzed isolated Golgi fraction. Preparative procedure as in Fig. 8. X ~5,000. 
300  THE JOURNAL  OF  CELL  BIOLOGY  -  VOLUME  ~3,  1964 D.  J.  MoRa~  AND  H.  H.  MOLLENHAUER  Isolation of Gvlgi Apparatus  301 FIGURE 8  Severe breakdown condition of an array of fused Golgi apparatus observed following dialysis. 
Preparative procedure as in Fig. 3.  X  33,000. 
One  might,  therefore,  expect  to  find  evidence  of 
such  continuity  in  these  preparations.  Such  evi- 
dence was not clearly obtained,  however, because 
fragments  of the endoplasmic reticulum could not 
always  be  identified  or differentiated  from  other 
possible  membranous  debris.  Osmium  fixation 
revealed the presence of ribonucleoprotein  (RNP) 
particles on some of the vesicular structures  in the 
preparation,  but  the  disposition  of  the  granules 
appeared  to  be  more  a  function  of  dispersion 
during  homogenization  than  intracellular  locali- 
zation.  Mitochondrial  surfaces,  as  well  as  the 
periphery of the intact  Golgi apparatus,  were ob- 
served  to  possess  similar  dense  particles  when 
fixed with OsO4. 
The  isolated  Golgi  apparatus  fraction,  in  ad- 
dition  to containing  a  large  number  of structures 
which  appeared  identical  to  the  Golgi apparatus 
of  the  intact  cell,  apparently  also  contained 
fragments  of the  Golgi  apparatus  in  the  form  of 
vesicles and  probably  other cell debris  also in  the 
form  of vesicles.  There  were  no  recognizable  cell 
organelles as major contaminants,  nor were  there 
excessive RNP-covered vesicles in the fraction.  At 
least  some  of the  smaller vesicles may  be  formed 
by fragmentation  of the membrane  pairs  and  are 
not unlike  those  observed  in  association  with  the 
FIGURE 9  This coiled form of the Golgi apparatus appeared in nlany preparations. A pre- 
cise correlation between the appearance of this form and the conditions of isolation has not 
been established.'Preparative procedure as in Fig. ~.  X  ~6,000. 
FIGURE 10  A form of the Golgi apparatus,  similar to that shown in Fig. 9, induced by 
treatment of intact maize roots for ~4 hours in 0.001 M potassium cyanide. )< 81,000. 
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Fig.  8  illustrates a  very  severe  breakdown con- 
dition of an array of fused  Golgi apparatus  ob- 
served following dialysis. Individual cisternae also 
appear  to  swell  and  subsequently separate  from 
the Golgi apparatus to form large, open, probably 
spherical vesicles (Fig.  7). This type of breakdown 
is  considered  to  be  the  major  source  of  loss of 
recognizable Golgi apparatus during purification. 
Since this type of swelling occurs frequently, the 
number of cisternae per stack is often reduced dur- 
ing isolation. The reduction is particularly trouble- 
some following resuspension of sedimented pellets. 
The  shearing  forces  of  homogenization  may 
also be responsible for the coiled form of the Golgi 
apparatus membranes sometimes observed. These 
structures  appear  in  cross-section  as  a  series  of 
concentric circles  (Fig.  9).  Similar forms  of the 
Golgi apparatus are frequently observed in outer 
cap cells of the maize root tip following treatment 
with  cyanide  (Fig.  10)  or  CO2  and  in dividing 
cells. 
Many additional forms  of the Golgi apparatus 
in various stages of breakdown have been observed 
which seem to represent transition stages between 
the  appearance  of  the  original Golgi apparatus 
and  its  final  form.  Certain  of  these  transition 
forms  are  illustrated  schematically  in  Fig.  11. 
Each of the stages  shown is clearly illustrated in 
the  preceding micrographs, with the possible  ex- 
ception of the multivesicular  forms. When present, 
these structures often appear to be derived through 
fragmentation of the inner membrane of a  fused 
and swollen cisternal element. 
RESULTS WITH  OTHER PLANT  MATaRIAL: 
By the above described methods, it has also been 
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FIOURE 11  Representation of possible transition stages observed between appearance of original Golgi 
apparatus and its final form in the pelleted fractions. 
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particulate  fractions  containing  structures  re- 
sembling  the  Golgi  apparatus  of the  intact  cell. 
However,  the  procedure  described  is  apparently 
not yet generally applicable  to  the  successful iso- 
lation of the Golgi apparatus  from a  wide variety 
of tissues.  A  major difficulty arises from contami- 
nation  with  particulates  that  are  not  Golgi 
apparatus  particulates,  especially  those  of  the 
light mitochondrial fraction. 
The large vesicles associated  with the secretory 
activity  in  plant  cells  (2,  11)  generally  are  lost 
during isolation. However, in preparations derived 
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